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X-ray p« 1 d tector 

TECHNICAL FIELD 
The present invention relates to an X-ray pixel detector, and more exactly to 
a pixel-camera based imaging detector for X-ray photons with high efficiency 
combined with high resolution. 

BACKGROUND 

SiUcon devices as CCDs and CMOS pixel detectors are frequently used for X- 
ray imaging. Due to the low stopping for X-rays in silicon, the detector is 
generally coated with a scintillating layer. When using scintillating layers for 
imaging there is a trade-off between quantum efficiency and resolution. In 
order to get high quantum efBciency for X-rays the layer should be made 
thick, but that will reduce the spatial resolution in the image. The quantum 
efHciency for X-rays is one of the most critical parameters for medical X-ray 
imaging devices since the signal to noise ratio in the image depends on the 
number of X-ray photons contributing to the image. Since photoelectric 
absorption is a single event an X-ray photon wiU either be fully absorbed or 
pass unnoticed through the detector. 

X-ray generators for dental X-ray imaging operate with an accelerating 
voltage of 60 - 90 kV giving mean photon energy in the range 30 - 40 keV. 
The material thickness reqxiired to stop 80 % of the X-ray photons is in the 
range 150 - 500 ^irn for the commonly used scintillators. The primary 
interaction between the photon and the material, photoelectric absorption, is 
a single event The light in the scintillator is then generated by a large 
number of secondary reactions taking place within a few microns from the 
location of the primary interaction. As a result a flash of Ught is generated 
close to the spot of the primary interaction and radiated in all directions. The 
quantum efficiency for X-rays is then related to the probabiHty for the 
primary interaction to occur and to a very small extent to the secondary 
interactions. In the energy range of interest for such an application and v^dth 
the materials used as scintillators the primary interaction is generally a 
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photoelectric absorption. Compton scattering and other events are less likely 
to occur. 

The light generated in the scintillator is projected onto the sensor with a spot 
% 5. size, which is proportional to the distance between the point of interaction 

and the position of absorption in the sensor. The projection is also affected 
by the refractive indexes of the materials the beam wiQ pass. For a typical 
combination of scintiUator and CCD, the scintillator thickness should be less 
than 100 |am to achieve the spatial resolution required for dental X-ray 
10 imaging: 

^ A proposed method to improve the spatial resolution of thick scintillating 

layers woiold be to define pbcels in the scintillator and to make sure that the 
light generated within one pixel is confined within that pixel. Pixel definition 

15 in scintillators can be done in a number of ways, e.g. columnar growth of 

scintillator crystals or groove etching in scintillating films. 

The method for columnar growth of scintillating crystals is well known. It 
has been used to grow Csl for many years. The document WO93/03496 
20 discloses for instance growth of separate colimins in different scintillators. 

The disadvantage of techniques for growth of separated columns is that the 
columns tend to grow together for thick layers and that light will leak to 
adjacent columns. It is difficult to apply a light reflector between the 
columns. 

25 

Etching of grooves in scintillating materi£ds is considered to be extremely 
difficult due to the high aspect ratios required by the application. With a 
pixel size of 50 ^im and an allowed area loss of less than 20 % the groove 
width should be less than 5 ycm. If the film thickness is 200 pm the aspect 
30 ratio will be 40. This aspect ratio can not be achieved at the moment even for 

silicon and etching techniques for scintillating materials is far less 
develoi>ed. 
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Theref5?^ereTstiU a desire to develop a device, which should be able to 
handle thick scintillating material layers but with a maintained resolution 
which corresponds to the individual pixel size. 

SUMMARY 

The objective of the present invention is to design an X-ray pixel detector, i.e. 
an imaging detector for X-ray photons presenting high efficiency combined 
with high resolution to obtain a high image quality detector while at the 
same time minimizing the X-ray dose used. The appUcation is particularly 
important whenever the X-ray photon absorption distance is much longer 
than the required pixel size. 

An arrangement according to the present invention presents a structure 
based on light guiding of secondarily produced scintiUating photons in a 
pixel detector in conjunction with, for instance, a CCD or a CMOS pixel 
detector. The structure according to the invention presents a matrix having 
deep pores created by thin walls presenting a pore spacing appropriate to the 
image detector in use. and may utilize a reflective layer on the walls of the 
matrix to increase light guiding down to the image detector chip. 

The arrangement according to the present invention is set forth by the 
attached independent claims 1 and 4 and further embodiments are defined 
by the dependent claims 2-3 and 5-6, respective. 



BRIEF DESCRIPTION OF THE DRAWINGS 
The invention, together with further objects and advantages thereof, may 
best be imderstood by making reference to the following description taken 
together with the accompanying drawings, in which: 

FIG. 1 illustrates a silicon CCD pixel detector for direct irradiation by 
X-rays; 
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FIG. 2 illustrates a pixel detector as of FIG. 1 but provided with a thin 
scintillator for increasing its efQciency for X-ray radiation; 



FIG. 3 illustrates a pixel detector as of FIG. 1 provided with a thick 
. 5 scintillator for further increasing the efficiency for X-ray radiation, 

but then loosing resolution; 

FIG. 4 illustrates a CCD pixel detector using a thick pixel scintillator 
residing inside pores formed in a matrix material according to the 
XO present invention for maximum sensitivity and maintained 

resolution; 

^ FIG. 5 is a more detailed view of the structure forming pores for 

increasing the efficiency of a CCD pixel detector; 

15 

FIG. 6 is an enlargement of a portion of a pore indicating an extra layer of 
silicon oxide for improving the wall reflecting properties; 

FIG. 7 is a photo showing at the surface a part of the arrangement before 
20 fillin g with scintillating material defining the separation walls for 

pores; and 



FIG. 8 is a photo showing pores after 200 jim etching. 



25 



DETAILED DESCRIPTION 

: General features 

. 30 The most developed etching techniques exist for silicon processing. 

According to the present application a grid is created by etching rectangular 
holes in a silicon wafer. The holes can be etched to a certain depth or go all 
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the way through the wafer. The holes are then filled with scintillating 
material. 

The performance of such a device strongly depends on how well the holes are 
5 filled, the transparency of the scintiUator and the reflection properties of the 

walls of the hole. 

The present X-ray pixel detector concept is for clarity compared to existing 
technology demonstrated in FIG. 1: A standard silicon CCD arrangement has 

10 a very low efficiency for X-ray photon detection, normaUy of the order of a 

few per cent. This is because the penetration depth of X-ray photons, at 

^ energies of the order 40 keV, is of the order of 1 cm in silicon and thus the 

^ fraction absorbed within the active CCD layer is small. 

15 The efficiency will preferably be increased significantly by using a 

scintillating material emitting a large number of visible photons for every 
absorbed X-ray photon as is indicated in FIG. 2. Typical absorption lengths 
for X-ray photons, at energies of the order 40 keV, are several 100 ^m. As 
already mentioned a layer of the order 300 \im of Csl is needed to absorb 

20 about 80 % of the X-ray photons. Thus, for thick scintillating films as 

indicated in FIG. 3, almost all X-ray quanta may be absorbed, which results 
in a hi^ efficiency detector. However, the trade-off is resolution, which 
becomes much worse as the scintillator emits photons isotropically, such 
that nearby pixels will also detect a sigrdficant number of photons. An 

25 alternative route is to use a thin scintillating film (of about same thickness 

as a pixel size) as indicated in FIG. 2, but at the expense of a much lower 
efficiency. 

FinaHy, in FIG. 4 is shown the concept of the invention resxalting in both 
high efficiency and high resolution. Here, a thick scintillator is used which 
has been patterned into pixels corresponding to the size of the pixels of the 
image detector, e.g. a CCD, in such a way that the scintillator pbcels also 
ser^e as Hght guides which confine the emitted photons to the same pixel 
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elem.S^X.^-. no cross talk between pixels takes place and. depending 
on the pixel thickness Gength perpendicular to the CCD surface) up to 100 o/o 
of the incoming X-ray photons may be absorbed. However, in order to 
achieve a large effective detection area the spacing between pixels must be 
short, e.g. for a typical 44 jira pixel size a 4 jim gap between pixels results in 
-82 % efficiency due to the "dead area' in between pixels. Clearly, to 
minimize cross-talk pixels may be reflection coated or the medium in 
between should be highly absorbing. 

The fabrication of pixels.having a thickness of 300 pm and a gap of about 4 
Mm from a scintillating material is not an easy task. The present invention 
therefore uses a siHcon matrix wherein corresponding pores have been 
fabricated and successively filled with a scintillator material. The fabrication 
technology involves more or less standard siHcon fabrication technologies 
such as Deep Reactive Ion Etching (DRIE), oxidation and/or metalHsation. A 
schematic drawing of the structure is shown in FIG. 5 where 3 pixels are 
displayed together with a close-up of the wall structure between adjacent 
pbcels being demonstrated in FIG. 6. In essence, the structure contains three 
different materials to provide the Ught-guiding effect the processing of which 
is accomplished one after the other: 



Silicon pore matrix 

The siUcon pore matrix of the present appHcation may be fabricated using 
two different techniques: Deep Reactive Ion Etching (DRIE) or 
Electrochemical etching. DRIE is now an estabUshed technique and several 
hundred urn deep pores may be fabricated. It has been found that it is 
possible to make, for instance. 40 x 40 pm square-formed pores with a wall 
thickness of 3 - 4 urn (representing -80 % active area) and with a depth of a 
few hundred urn. Such a pattern is visualized in FIG. 7. The pore structure is 
realized by conventional lithography. FIG. 8 illustrates in a photograph the 
pores after 200 jim of etching. A similar structure may be formed by 
electrochemical etching of siHcon starting from pore initiation cones made by 
conventional Uthography and non-isotropic etching. 
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Wall reflection layer o t « - i TQl 

Scintillatmg xnateri^s usually have an md.=c of refracuon (for Cd n - 1.79) 
„MCK is si^-can* .ow.r than that of sllioo. ,n - 3.4,. 
.taction of scintaiatog photons impinging on the por. waUs wdl penetra e 
into the silicon (Si) matrix unless some rellection coating of the pore waUs 
has been provided. Therefore, .his simple structure will have much lower 
efficiency since no light guiding erists. In the siUcon matrix the Ught wdl be 
quickly absorbed due to the high absorption coefficient for visible Ught m 
silicon. 

TO provide Ught guiding a reflecting layer must be introduced at the walls. 
This may be accompUshed either, by oxidation or by coating with a metal 
layer Whereas oxidation is much more stable during subsequent processmg. 
metal coating provides better reflection. In the case of an oxide, a total 
reflection results when the entrance angle is larger than the result of the 
expression arcsin{m/nx). where m and ni represents a respective refractive 
index. The reflection results in a Ught-guiding cone propagating upwards and 
downwards in the pore, see FIG. 5. The difference to a metal-coated pore 
(where all Ught would be guided in the pore) is. however, not that large as 
Ught rays impinging on the walls close to noimal incidence correspond to 
very long path lengths before reaching the image detector cell and thus 
absorption is more likely. 

Finally, a reflecting layer at the bottom of the pore (or at the top surface for a 
pore structure, which is transparent) is highly desirable in order to coUect 
photons emitted in the upward direction. 

Filling with scintillating material 

Filling of the pores with scintillating material is a crucial step. Extensive 
tests have proved that filling of the pores with scintillating powder without 
melting does not yield an operational device structure. This is because grain 
boundary scattering of the Ught results in a very short penetration distance. 
An index-matched fluid could possibly circumvent this problem but the low 



•99 01/21 09:30 FAI +48 18^^050 A KOS P>krEK T_AB @014 

'. JIT^ +46 18 153058 

Ink. t Patent- och teg-veftel ^ ^ 

1999 -01-2 1 ® 
e^d'Ti^ ot the scinaiator powder Oarg= u^=a fraction, »ould then 

demand very deep pores. 

Due to this fact our invention involves melting of the scintillating material to 
form single or polycrystalline blocks of scintillator material within each pore^ 
For this purpose we have used Csl as a suitable material as it does not 
decompose upon melting. The melting and filling should be carried out in a 
vacuum to reduce problems with air bubbles in the pores, which 
significantly affects efficiency and the light guiding ability of the pores. 

m summary, the present invention is based upon Ught guiding of secondarily 
produced scintillating photons in a pixel detector in conjunction with, for 
instance a CCD camera or a corresponding device. The three ingredients of 
the preferred embodiment of the structure are: 

A matrix with deep pores, thin walls and a pore spacing 
appropriate to the image detector chip in use 

A reflective layer on the walls to increase Ught guiding down to the 
image detector chip 
c) A suitable scintillating material which is melted into the pores to 

form a single scintillating block in order to eliminate grain- 
botmdary scattering 

It will be understood by those skiUed in the art that various modifications and 
changes may be made to the present invention without departure from the 
25 scope thereof, which is defined by the appended claims- 



15 a) 
b) 

20 
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CLAIMS 



1 Arrangement for an X-ray pixel detector device for a camera 

comprising an image detector chip (1). chaxacteri^d i» that the struc^e of 
the arrangement is based upon light guiding of secondarily produced 
scintillating photons in a pixel detector in conjunction with an --g-' 
arrangement comprising a matrix (8) having deep pores (10) created by thm 
walls presenting a pore spacing corresponding to, or smaller than, the image 
detector pixel size (2) of the image detector chip to be used with the 
arrangement. 

2 The arrangement according to claim 1, characterised by further 

comprising a reflective layer (12) onto the thin waUs of the matrix (8) to 
increase light guiding down to the image detector chip. 

3. The arrangement according to claim 1 or 2. characterized by a 

scintillating material which is melted into the pores (10) to form a single 
scintillating block in order to eliminate grain-boundary scattering. 

4. A device for simultaneously maintaining resolution and increasing 
sensitivity for X-ray radiation in an imaging arrangement, characterized by 
an additional matrix (8) having deep pores (10) created by thin walls 
presenting a pore spacing corresponding to, or smaller than, the pixel size (2) 
of an image detector chip (1) to be used with the arrangement, the matrix (8) 
being positioned at the image detector chip with the deep pores (8) aligned 
with the pixels (2) of the image detector chip. 

5. The device according to claim 4. characterized by a reflective layer 

(12) onto the thin walls of the matrix to increase light guiding down to the 
image detector chip (1). 
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6 The device according to claim 4 or 5. characterised by further 

containing scintillating material which is melted into the pores (10) to form a 
single scintillating block in order to eliminate grain-boundary scattering. 
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, X ray pixel detector dertce for a camera 

' ^Tlel^r*^ "-ein the s«.c».e o^e arrar..en.ent 

comprising an unage detector cn p, ^dntUlating photons m a 

, is .ased upon Ught ^din. of ^3,^„, ir,cluding a 

:i — - t:e .age detector pUe, of t.e .age 
detector Chip to be used With the arrangement. 

j-^^ claim 1. further comprising a 

down to the image detector chip. 

to claim 1 wherein a scintillating 
o The arrangement accordmg to claim i, . ^, i, 

Lterial wHch i. n.elted into said ^res to for. a single scintilla.^ «oc. . 
order to eliminate grain-boundaiy scattermg. 

1^;^ o wherein a scintillatiiig 
The arrangement accordmg to claim 2, wtxerem 

material w^L is melted into said pores to fonn a single acintinatlng bloC m 
order to eliminate grain-boundaiy scattermg. 

A device for simultaneously maintaining resolution and increasing 

. ■ , X rav radiation in an imaffng arrangement, wherem an 
sensitivity for X-ray radiaf on m p„s«,,inE a 

additional «a«i. ha*« deep pores ts ^ tl^ P 

pore spacing corresponding to. or smaller 

detector chip to be used mth the arraiigement, the matrix oe g p 
tttCrdetector chip with the deep pores aligned with the p«els of the 

image detector chip. 

' e The device according to claim 5. wherein a reflective ^yer ^ 

created oITo said thin walls of the matrix to increase Ught gmdmg down to 
the image detector chip. 
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7. The device according to claim 5, further containing scintillating 
material being melted into said pores to fomi a single scintillating block in 
order to eliminate grain-boundary scattering. 

8. The device according to claim 6, further containing scintillating 
material being melted into said pores to form a single scintillating block in 
order to eUminate grain-boundary scattering. 
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ABSTRACT 



The objective of the present invention is to design an X^ray pixel d^™- 
Z ^^Ze detector for X-ray photons is disclosed, which presents high 

:.ernT— high 

distance much long« the r=q<^d pucal size. TO 8 

according to the p^sent invention pt,s«>ts a st^ctur, ba^ °n hght 
g^ding of secondarily produced scin^ating photos in a pixel detector^ 
Tniurfction with, for instance, a CCD or a CMOS pi«. O'^-'J^' 
strtlcture according to the invention presents a niatrix ,8, havrng deep pores 
(10) created hy thin waUs with a pore spacing appropriate to U.e of 
Uel 12) of the image detector used. The arr^ement may former uul.« a 
reflective layer on the waBs of the matrix to increase Ught gmdmg down to 
the image detector chip. 



20 



(Fig. 4) 
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Fig. 1 




Fig. 2 
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Fig. 3 




Fig- 4 
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Fig. 5 



Fig. 6 
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